Aim: Shigella flexneri (S. flexneri) is a gram-negative enterobacterium responsible for severe intestinal end systemic infection in humans. The bacteria can reach the liver due to degeneration of the colonic epithelium. Hypoxia is present in many human diseases and can induce the expression of the transcription factor HIF-1alpha that may have a cell protective role. The influence of hypoxia and HIF-1alpha on bacterial infection, studied in this work, is unclear. Hypoxia inducible factor1alpha (HIF-1alpha) is a transcription factor that acts as a master regulator of gene expression induced by hypoxia. Methods: We compared the ability of S. flexneri to invade rat hepatocytes in primary culture both in normoxic and hypoxic conditions. We evaluated TNF-alpha released by hepatocytes, apoptosis rate and HIF-1alpha expression by confocal microscopy as well as real time PCR technique. Results: We showed that S. flexneri invaded less hepatocytes previously submitted to 24 h hypoxia (6.5% O2) than those cultivated in normoxia (21% O2). S. flexneri also induced HIF-1α expression in hepatocytes, TNF-α secretion and apoptosis. Conclusion: a) Hypoxia alone was not a stimulus to TNF-α secretion, but induced cell apoptosis and HIF-1α expression; b) S. flexneri was able to invade rat hepatocytes and hypoxia apparently influenced significantly bacterial cell invasiveness; c) HIF-1α was expressed in hypoxic conditions, and it was also stimulated by S. flexneri.
Introduction
Shigella flexneri (S. flexneri) is a gram-negative enterobacterium responsible for bacillary dysentery in humans. After oral ingestion of about one hundred shigellae, these bacteria reach the colon and may invade the intestinal wall by translocating through M-cells of Peyer's patches [1] . Most of the research of S. flexneri invasiveness in vitro was made in intestinal epithelial cells lineages like CaCo-2 or T84 [2] [3] . However, it is described that bacterial translocation from the gut occurs in disease situations, allowing bacterial access to liver through portal vein [4] [5] . Several study models have been used for S. flexneri research, as intragastric infection in guinea pigs or i.v. rabbit infection. These studies contributed to knowledge of Shigella sp. dissemination mechanisms as well as the influence of this infection to the liver [6] [7] . Factors such as intestinal hypoxia and reperfusion increase bacterial translocation and reduce its hepatic clearance [8] . Hepatitis after Shigella infection has also been reported in humans [9] .
Hypoxia is a common condition present in tumors, wounds, atherosclerotic lesions, inflamed or infected tissues [10] . The diseased tissues show several features that can result in a hypoxic microenvironment, such as increased metabolic demand for leukocytes into the inflammatory tissue, microcirculation impairment and microorganisms proliferation [11] [12] . Furthermore, hypoxia is also present in many liver diseases such as tumors, chronic hepatitis and cirrhosis, leading to morphological and functional alterations of the hepatocytes [13] - [15] .
Hypoxia inducible factor-1alpha (HIF-1α) is a transcription factor that acts as a master regulator of gene expression induced by hypoxia. This factor is considered to be the main regulator of eukaryotic cells responses to physiological and hypoxic stress [16] . Recent studies showed that HIF-1α was expressed not only in hypoxic cells, but also in infection conditions [17] [18] . HIF-1α has been described to be expressed in hepatocytes under hypoxia or lipopolysaccharide (LPS) stimuli [19] [20] . However, its expression in bacterial infections of hepatocytes is unclear.
Many cytokines are released by hepatocytes due to hypoxic stress as well as a pathogen invasion. The tumor necrosis factor alpha (TNF-α) plays an important role in mediating apoptosis and regulating inflammatory responses [21] . Hepatocytes have been known to produce and release TNF-α when exposed to various types of microorganisms as C. albicans, L. monocytogenes, S. typhimurium and hepatitis B virus [22] - [24] . TNF-α released by hepatocytes can be correlated with stress responses caused by S. flexneri infection that result in cell death by apoptosis [25] . Circulating TNF-α can increase the fatality in parasitic, bacterial and viral infections [23] . The influence of the hypoxic microenvironment in the TNF-α release by cells is also unclear. The major role of this cytokine appears to be as mediator in the host resistance against invading pathogens [26] . The hypoxic microenvironment may also influence in this process.
In this work we studied the functional and morphological alterations in cultured rat hepatocytes invaded by S. flexneri. We also investigated the influence of hypoxia in cellular infection, as well as TNF-α production, HIF-1α expression and apoptosis rates. Our results showed that S. flexneri invasion induced TNF-α release and apoptosis in cultured hepatocytes, as well as HIF-1α expression in these cells. The HIF-1α expression increased in hypoxic and infected hepatocytes. Hypoxia microenvironment caused alterations in some parameters: decreased TNF-α release and increased rates of apoptosis. Hypoxia also led to a decrease in S. flexneri infection rate.
Material and Methods

Primary Culture of Rat Hepatocytes
Newborn female Wistar rats were obtained from the Central Bioterium of the Faculty of Medicine, University of São Paulo (USP) weigh 6 -8 g, in a number of 15 rats per assay. We used female rats only to decrease the cell receptors variation. The primary culture procedure was described elsewhere [23] . Briefly, the hepatocytes were obtained from 15 -20 Wistar rats livers per assay. The material was then transferred to culture flasks (Nunc, Roskilde, Denmark) covered with laminin (50 μg/mL; Sigma, St. Louis, MO, USA) and cultured in Williams' E medium enriched with hormones and antibiotics. The cells were cultured at 37˚C in a humidified atmosphere of 5% CO 2 in air. The study design was approved by the Research Ethics Committee of our institution.
Hypoxic Conditions
Hepatocytes cultured for 8 days were placed into a gas-tight modular chamber (Billups-Rothenberg, Del Mar, CA) for 24 h. The chamber was gassed for 30 min at a flow rate of 10 L/min using certified gases containing 100% N 2 (White Martins, São Paulo, Brazil) and placed in an incubator at 37˚C. The O 2 concentration in the culture medium was measured after 24 h incubation in a radiometer apparatus (Radiometer ABL800 Flex, Denmark), reaching 6.5% O 2 (43.2 mmHg). Culture medium pH was maintained at 7.4 and had no significant changes during the assays. The experimental groups submitted to 6.5% O 2 for 24 h are referred as hypoxia (H), while groups cultured in 21% O 2 (140.5 mmHg) are referred as normoxia (N). Another two experimental groups were formed: normoxia + infection with S. flexneri (N + I) (hepatocytes cultured for 8 days plus 24 h in normoxia and then infected), and hypoxia + infection with S. flexneri (H + I) (hepatocytes cultured for 8 days plus 24 h in hypoxia and then infected).
Bacterial Invasion Assay
Shigella flexneri 2a strain (NCTC 9729) (Adolf Lutz collection, São Paulo, Brazil) was grown in Brain Heart Infusion medium (Difco) for 16 h at 37˚C. Hepatocytes cultured in 24-well plates (Corning) and coverslips at 1 × 10 5 cells/mL were infected with S. flexneri at multiplicity of infection (MOI) 500 for 1 h at 37˚C with previous centrifugation of cells/bacteria at 1000 rpm for 10 min. In pilot experiments minor concentrations (<MOI 500) showed no cell morphological alterations and major concentrations (>MOI 500) caused total cellular destruction. Hepatocytes were incubated with 50 μg/mL gentamicin (Sigma) for 1 h at 37˚C followed by PBS washing, and later lyses with Triton X-100 (Sigma) 1% during 5 min for intracellular bacteria recovery. The number of viable intracellular bacteria was determined by plating serial dilutions of the cells lysates of 24-well plates on blood agar and later CFU (colony-forming unity) counting.
Hematoxylin-Eosin Staining
Hepatocytes monolayers grown on glass coverslips and were stained by hematoxylin-eosin as described elsewhere [27] . Images were analyzed in an optical microscope with digital image capture system (Leica).
TNF-α Detection
The quantification of TNF-α produced by hepatocyte was performed using ELISA for rat TNF in culture supernatants (Biotrak ELISA; GE Healthcare, Piscataway, NJ, USA) in accordance with the manufacturer's instructions.
Apoptosis Detection
Detection of fragmented DNA (TUNEL technique) was assayed using Fragment End Labeling Kit (FragEL kit; Calbiochem, Oncogene Research Products, Cambridge, MA, USA), in accordance with the manufacturer's instructions. Hepatocytes were cultured in glass coverslips and a total of 10 random fields were counted in fluorescence microscope (Leica).
HIF-1α Detection
Hepatocytes assayed with bacteria and normoxic/hypoxic conditions attached to glass coverslips were fixed for 10 min with 4% paraformaldehyde and washed three times in PBS. The cells were permeabilized with 1% Triton X-100 and then washed two times in PBS. Nonspecific binding sites were blocked with 3% BSA (Inlab, Brazil) for 30 min. The cells were then incubated with rabbit anti-HIF-1α antibody diluted 1:50 (Santa Cruz Biotechnology) overnight at 4˚C in a wet room. After this period cells were washed four times in PBS plus 0.1% Triton X-100 and then incubated with FITC-conjugated goat anti-rabbit secondary antibody diluted 1:80 (Sigma) for 1 h at room temperature in a wet room. Cells were then washed four times in PBS + 0.1% Triton X-100 and mounted with DAPI-containing DABCO media (Sigma). Hepatocytes were visualized under a confocal microscope (Carl Zeiss Laser Scanning Systems-LSM-510) and processed with software Zeiss LSM Image Browser.
The hepatocytes RNA extraction, amplification and Real-time PCR were performed using TaqMan Gene Expression Cells-to-CT Kit (Life Technologies) as described by the manufacturer. β-Actin (Applied Biossystems) was used as an internal control gene. The results were normalized to ΔΔCt values.
Statistical Analysis
All the experiments were repeated at least ten times and Kruskal-Wallis test with Student's Newman Keuls post-test were used for statistical analysis. The alpha risk was considered statistically significant when P ≤ 0.05.
Results
Recovery of Intracellular S. flexneri
Hepatocytes cultured in normoxia showed more intracellular bacteria, reaching values higher than 1000 intracellular bacteria/cm 2 of hepatocytes cultured (Figure 1) . Previous hypoxia (24 h) decreased the number of intracellular bacteria for 638.8 in a significative way (Figure 1). 
TNF-α Secretion and Apoptosis Rate
There were no significative difference in TNF-α released between normoxic and hypoxic hepatocytes. Hepatocytes released more TNF-α when infected with S. flexneri both in normoxia and hypoxia conditions (Figure 2) . All infected groups showed more TNF-α production than control groups (Figure 2) .
Hypoxic hepatocytes groups had higher apoptosis rates when compared to normoxic control groups. Hepatocytes infected with S. flexneri had similar apoptosis rates when submitted to hypoxia or not. There was a significative difference in apoptosis rate among all groups and normoxic control group (Figure 3) .
HIF-1α Expression
Hepatocytes cultured in normoxic conditions had no HIF-1α expression as seen with absence of green fluorescence (Figure 4(A) ). All others groups expressed HIF-1α (Figures 4(B)-(D) ). Both hypoxia and infection by S. flexneri lead to HIF-1α expression in hepatocytes (Figure 4(C) and Figure 4(B) ). We noted that HIF-1α was distributed both in hepatocytes nuclei and cytoplasm, as seen with DAPI overlap (Figure 4(B1)-4(D1) ).
The Real-time PCR quantified HIF-1α expressed in the same experimental conditions as above. The ∆∆Ct data obtained were submitted to Newman-Keuls test and plotted in a graph ( Figure 5 ). All comparisons were considered significative (P ≤ 0.0001).
Morphological Alterations in Rat Hepatocytes after S. flexneri Infection
Hepatocyte viability reached 91.2% at 8 day of culture, with an average of 1.8 × 10
6 hepatocytes/ml of culture medium. The elements that proved the hepatocytes selectivity in this cell culture model were published previously [23]. Cell viability of all experimental groups (normoxia, hypoxia, normoxia + infection and hypoxia + infection) ranged from 74 to 87 percent, showing no significant difference (data not shown). In optical microscopy normoxic hepatocyte cultures were seen arranged in monolayer with wide cell junctions (Figure 6(A) ), while cells submitted to 24 h hypoxia showed picnotic nuclei, as well as monolayer ruptures (Figure 6(C) ). Hepatocytes infected with S. flexneri had severe monolayer disruption and cytoplasmic shrinkage (Figure 6(B) ), while cells exposed to 24 h hypoxia and infected later showed also cytoplasmic vacuoles (Figure 6(D) ).
Discussion
The minimum time required for hepatocyte's bacterial invasion was one hour. This time was lower when compared to infected intestinal tumoral lineages with the same rate of bacterial recovery [28] . Interestingly, S. flexneri invaded less hepatocytes under hypoxia, in agreement with other studies using different pathogens and cells [29] - [31] . Hypoxia can modify gene expression, intra and extracellular pH as well as membrane receptors [32] - [34] . We can speculate that these factors contributed to the lower entrance of bacteria into hepatocytes. Marteyn et al. [35] showed that bacteria cultured under hypoxic conditions increase their ability to invade intestinal cells. However, in our study, S. flexneri was grown under aerobic conditions (21% O 2 ) and then placed in contact with hepatocytes in hypoxic microenvironment. Furthermore, the same group demonstrated that the epithelial surface in gastrointestinal tract has a larger oxygen supply than intestinal lumen and that S. flexneri had the ability to detect varying oxygen tensions, which allowed type III secretion system (T3SS) activation at its precise site of action, enhancing bacterial invasion and virulence mainly in irrigated tissues. We hypothesized that bacterial entry in hypoxic hepatocytes was reduced by the difficulty of S. flexneri to recognize their receptors. The molecular mechanisms involved in this phenomenon are unclear and await further studies.
We obtained no significant differences of TNF-α released by hepatocytes under normoxia and hypoxia. Several studies had demonstrated a synergic relation between hypoxia and LPS to enhance the production and release of TNF-α from macrophages [36] . This phenomenon is attributed mainly to transcriptional upregulation of nuclear factor NF-κB [37] . However, hypoxia has also been showed to inhibit or not change the amounts of secreted TNF-α [38] , in a similar way to our results obtained in hypoxic hepatocytes. The cause of reduction in TNF-α secretion could be explained by an enhanced sensitivity of hepatocytes to hypoxia-mediated apoptosis. Furthermore, the effects of circulating or secreted TNF-α may also be regulated by its binding to the soluble forms of TNF receptors, sTNFR-I and sTNFR-II, which can inhibit its activity [39] [40] . Indeed, elevated levels of these receptors have been found in patients with different diseases, whose common denominator is hypoxia [36] . Even though, the same levels of TNF-α secretion in both hypoxic and normoxic cells could also be due to TNF-α lysosomal degradation in cytoplasm before their liberation, as described by Lahat et al. [36] .
Our results about TNF-α secretion in hypoxia microenvironment suggest that infections in these conditions could be more difficult to be eliminated by immune system, since TNF-α is a primordial cytokine responsible for inflammatory responses.
Hepatocytes submitted to hypoxia had increased apoptosis rates compared to normoxic cells. This phenomenon has been observed in other studies [41] [42] . As apoptosis can be stimulated by different pathways, we hypothesized that in this case it is not being activated by TNF-α, due to the unchanged state of the cytokine in hypoxic conditions.
S. flexneri infection increased the apoptosis rates significantly only in normoxic hepatocytes when compared to normoxic control. Hepatocytes infected with other bacteria had similar apoptosis rates [43] . However, hypoxia did not have a synergistic effect with S. flexneri, because there was no significant difference between infection groups. Apoptosis induced by S. flexneri can stimulate cell release of pro-inflammatory cytokines, such as IL-1b and IL-18 [44] .
HIF-1α is known to be expressed in cells exposed to hypoxia, and it acts a master regulator of gene transcription in this condition. In our study, hypoxia induced HIF-1α expression both in nucleus and cytoplasm of hepatocytes, while normoxic cells had no HIF-1α expression. Hepatocytes infected with S. flexneri also had HIF-1α expression both in hypoxic and normoxic conditions. These results showed that S. flexneri was able to induce hepatocytes HIF-1α expression in according to the results found by other groups using different infectious agents [45] [46] . The quantification of HIF-1α made by Real-time PCR confirmed the qualitative results, comparing the expression of HIF-1α versus β-actin expression. S. flexneri infection significantly increased the HIF-1α expression both in normoxia and in hypoxia microenvironment. We speculate that hypoxia and S. flexneri infection act synergistically to increase this transcription factor in the cells.
Regueira et al. [47] showed that TNF-α induced increases in HIF-1α protein levels in a time-dependent form in hepatocytes under normoxic conditions. In our study the infection groups presented HIF-1α expression and TNF-α release. Only hypoxic group presented HIF-1α expression and unchanged TNF-α release. Future studies are needed to determine whether TNF-α also influences HIF-1α expression under hypoxia.
Conclusion
Overall, our results contribute to a better knowledge of the interaction between hepatocytes and invasive bacteria S. flexneri. Hypoxia appears to influence significantly in bacterial cell invasiveness, as well as the release of TNF-α apoptosis rates and HIF-1α expression. Future studies about the influence of these factors on the Shigella's virulence will be important to help combat this aggressive pathogen.
